Intensities of extreme-ultraviolet emission lines formed in quiet Sun regions, a coronal hole, an active region, and a prominence are used to derive chemical abundances of carbon, nitrogen, and oxygen relative to silicon in each region. For each element the relative abundance in each region agrees to within the estimated errors in the analysis. This means that the relative abundances are constant over a wide range of electron densities, emission measures, turbulent mass motions, and heights above the limb. Uncertainties in the atomic data appear to be the primary source of scatter in the derived abundances.
I. INTRODUCTION
The chemical composition of the Sun is one of the primary sources of information on the cosmic abundances of the elements. Thus considerable effort has been devoted to determining elemental abundances in the photosphere and corona (e.g., Ross and Aller 1976; Withbroe 1971 Withbroe , 1976 . These studies were primarily concerned with the determination of absolute solar abundances and searching for possible variations in abundances between the photosphere and corona. In the extreme-ultraviolet (EUV) region of the spectrum, most of the data analyzed were of low spatial resolution. In many cases averaged spectra were used that were thought to be representative of average solar conditions in the chromosphere-corona transition zone and the corona. While abundances derived using the averaged EUV data are in good agreement with photospheric determinations, variations of the abundances of elements such as oxygen, silicon, and iron are known to exist in the solar wind (e.g., Hirshberg 1975) . Furthermore, theoretical investigations suggest that there may be mechanisms for producing significant abundance differences between the photosphere and corona (e.g., Delache 1967; Nakada 1969; Tworkowski 1975) . Very little work, however, has been aimed at detecting abundance differences in the transition zone and corona in different solar regions.
In this paper we examine relative chemical abundances in the transition zone in different solar regions. The primary motivation for this study is to search for variations in the relative abundances in regions characterized by different observational parameters such as the emission measure, electron density, height above the solar limb, and extent of nonthermal mass motion. In addition, because we make use of recent atomic physics calculations to determine electron densities and emission measures, the analysis represents an excellent test of the ability of detailed atomic 1 NAS-NRC Resident Research Associate.
physics calculations to reduce the uncertainty in the calculation of emission measures from observed line intensities.
II. OBSERVATIONS
From the spectra obtained with the NRL slit spectrograph on Skylab (S082B) we selected representative spectra of quiet Sun regions, a coronal hole, an active region, and a solar prominence. Some information on the spectra has been published in a number of previous studies ; however, in some cases total line intensities were not presented, and some of the line intensities used in the present study were not tabulated. For the quiet Sun regions the data were taken from Doschek et al (1976) (QS 1) and Mariska, Feldman, and Doschek (1978) (QS 2). The coronal hole observations are from Feldman et al (1976) (CH), the active region observations are from (AR) , and the prominence observations are from Mariska, Doschek, and Feldman (1979) (P59) . For the spectral lines used in the present study for which total line intensities are not given in the papers cited above, we have obtained the intensities from the original densitometer scans. Table 1 lists for each line used in this study the total power in the emission line in each region examined.
The NRL slit spectrograph on has been described in detail by Bartoe et al (1977) . Spectra were recorded between 1100 and 4000 Â. The spectral resolution below 1940 Â, where the spectral lines discussed in this paper are located, is 0.06 Â. The spatial resolution on the Sun is 2" x 60". The spectra were recorded on Kodak 101 or Kodak 104 film. The construction of characteristic curves for converting the measured photographic densities to relative intensities is discussed by Doschek et al. (1976) . Most of the relative line intensities are determined with an accuracy of about 157 0 -Absolute intensities, obtained using the absolute calibration given by Doschek et al. (1976) , are accurate to within a factor of 2. a The first entry for each ion is the log of the total power (ergs s -1 ) in the emission line produced within the field of view of the instrument; the second entry is the log of the product of the elemental abundance and the volume emission measure.
b Height above the white-light limb in arcsec.
III. ANALYSIS
The power (ergs s _1 ) in an optically thin emission line is
where X ul is the wavelength of the line, 0.8 is the hydrogen-to-electron number density ratio for a fully ionized plasma of solar composition, A u i is the spontaneous transition probability, A el is the elemental abundance relative to hydrogen, NJN ion is the fractional population of the upper level, N ion IN el is the fractional ion abundance, N e is the electron number density, and the integral is carried out over the emitting volume in the field of view of the spectrograph. The plasma is assumed to be in ionization equilibrium.
For the allowed lines examined in this study the coronal approximation applies and the depopulation rate from the excited level u is balanced by collisional excitations from the lower level /. For these lines we apply the treatment of Pottasch (1964) , and equation (1) becomes
Here f lu is the absorption oscillator strength, <g> is the average Gaunt factor, and <G(T' e )) is the average value of the function G(T e ), where G{T e ) = ^2 r e -1/2 exp ( -hv ul ¡kT e ).
For the fractional ion abundance we use the calculations of Jordan (1969) . Following Jordan and Wilson MARISKA Vol. 235 (1971) , we compute (G(T e )} over a constant logarithmic temperature width (A log T = ±0.15 dex) around the temperature of formation of the line. This procedure accounts for the fact that for some lines the G(T¿) function is wider than for others. The power in each allowed line then determines the product of the elemental abundance and the volume emission measure at the temperature of formation of the line. For the intersystem lines examined in this study the coronal approximation does not apply. We assume that each of these lines is formed at the temperature of the maximum of the G(T e ) function for the line and rewrite equation (1) For an allowed line F(T e ) would have the same functional dependence on the temperature as the G(T e ) function. For both allowed and intersystem lines most of this temperature dependence is determined by the fractional ion abundance ratio N i0 JN el . We therefore compute <F(r e )> by assuming that each intersystem line is an allowed line and computing <G(r e )> for the line. A normalization constant a is then determined so that (G(T e )} = aG(T majX ), where <7(r max ) is the value of G(T e ) at its maximum. Finally, <F(r e )> is determined by multiplying F(T m&x ) by the normalization constant. As with the allowed lines, this procedure accounts for the variation in width of the F(T e ) function from line to line. The value of NJNion is calculated by solving the statistical equilibrium equations for the ion at the electron density determined for the region. The electron density is determined using the density-sensitive ratio of the intensities of the C m A1909 line and the Si iv A1403 line . Thus, once the electron density is determined, each intersystem line also provides an estimate of the product of the elemental abundance and the emission measure at the temperature of formation of the line. In Table 2 we list the derived electron densities at 63,000 K for each region examined in this study. The electron densities at the temperature of formation of the intersystem lines were determined by assuming constant pressure throughout the transition zone. The atomic parameters for the calculations described above are from a number of sources. For the resonance transitions of C iv, N v, and Si iv the absorption oscillator strengths and average Gaunt factors are from Burton et al. (1971) . For C m and O v we use the excitation rates tabulated by Dufton et al. (1978) . Excitation rates for N iv have been interpolated from the C m and O v data. The spontaneous radiative decay rates are from Nussbaumer and Storey (1978) for C m, from Mühlethaler and Nussbaumer (1976) for N iv, and from Dufton et al. (1978) for O v. For N m and O iv we use level populations as a function of electron density provided by Nussbaumer (1979) . The spontaneous radiative decay rates for N m and O iv are from Nussbaumer and Storey (1979) and Flower and Nussbaumer (1975) , respectively. For O m we use collision strengths and spontaneous radiative decay rates from Bhatia, .
In Table 1 we list for each emission line in each region considered the product of the elemental abundance and the volume emission measure at the temperature of formation of the line. For each element the results in Table 1 provide an estimate of the variation of A el jN e 2 dV with temperature. In most other analyses the curve for each element is shifted to produce a curve defining J N e 2 dV with minimum scatter. We take a somewhat different approach. Inspection of Table 1 shows that every element listed has one line formed at very nearly the same temperature as the temperature of formation of the Si iv resonance lines. We therefore choose to minimize the scatter at that temperature to derive the abundances of C, N, and O relative to Si. The amount of scatter at other temperatures then provides an indication of the errors involved in the analysis or any abundance effects as a function of temperature. The abundance for each element was determined by bringing the emission measure for the element into agreement with the emission measure for the weaker Si iv emission line. Since the emission measure is rising rapidly with decreasing temperature in the temperature range around the temperature of formation of Si iv, the lines formed at slightly lower temperatures than Si iv were placed at a slightly larger emission measure. The magnitude of the increase in the emission measure for these lines is based on the overall trend in the emission measures examined in this study and on emission measures derived in other studies (e.g., Dupree 1972) . For two positions in the prominence there are no data for the N in A1750 line. For these two cases the abundance of nitrogen was determined by minimizing the scatter between the emission measures determined using the N iv and N v data and those determined using the C iv, O iv, and O v data. Figure 1 and Table 3 is considerable scatter at temperatures away from the temperature of formation of Si iv. In most of the regions, however, the scatter is similar; that is, the same data points deviate from the mean in the same direction and by the same amount. In particular, if the N iv and N v data points are shifted downward by about a factor of 2 in the plots for all of the regions for which there is a data point for the N in À1750 line, then the emission measure assumes the form found in most previous studies, i.e., a steep decline with increasing temperature up to a temperature of about 10 5 K, followed by either a more gradual decline or an increase, depending on the region examined. Because the various regions analyzed have significantly different physical characteristics, we suggest that the scatter in the plots in Figure 1 is not caused by abundance variations on the Sun, but rather by the uncertainty in the instrumental calibration and errors in the atomic physics. Table 3 lists the derived elemental abundances. These have been placed on an absolute scale by using the coronal abundance of silicon relative to hydrogen given by Withbroe (1976) . Examination of the results in the table shows that, for most of the regions, the abundances of oxygen agree with each other to better than a factor of 2 and the abundances of nitrogen MARISKA Vol. 235 Withbroe 1976. agree to better than a factor of 4. In § IV we suggest that the larger range of the relative nitrogen abundances is due to a problem with the atomic physics calculations for N m. The carbon abundances listed in Table 3 show almost no fluctuations. This is because the density determination method used by includes in the theory an abundance of carbon relative to silicon and a normalization factor that may reflect a change from the accepted value. Once the density is fixed using this method, the intensity of the C ni A1909 line can no longer be used to determine the abundance of carbon relative to silicon. The good agreement of the emission measure for the C iv resonance lines with the emission measures for other lines suggests that the abundance of carbon is also constant to within the errors in the analysis. Table 3 also lists the average absolute EUV coronal abundances given by Withbroe (1976) .
IV. DISCUSSION AND CONCLUSIONS
The errors associated with the relative abundance determination fall into three major categories: uncertainties in the measured line intensities, uncertainties due to errors in the atomic physics calculations used in the analysis, and uncertainties due to other assumptions made in the analysis. Since the power in each emission line enters into the calculation of the product of the abundance and the emission measure, the resulting abundance determination will linearly reflect the 15% uncertainty in measuring line intensities. In addition, for the intersystem lines that require the use of equation (4), the uncertainties in the intensities of the C m A1909 line and the Si iv A1403 line enter into the equation as an uncertainty in the electron density. The error in the resulting electron density due to uncertainties in the line intensities is estimated to be about 20%,. The actual electron density does not enter into equation (4), however. The important quantity is the quotient of the fractional population of the upper level and the electron density. This quantity is relatively insensitive to electron density for most of the lines considered, because they are near the low-density limit. Thus, with the exception of the active region, in which the electron densities are quite high and some of the intersystem lines are not near the low-density limit, the errors in relative abundance due to uncertainties in the electron density should be less than 157 0 . This also makes the error due to the assumed constancy of the carbon-tosilicon abundance ratio, required to determine the electron density, relatively small for most regions.
The uncertainties due to errors in the atomic physics calculations are more difficult to assess. The atomic physics calculations for the resonance lines should be accurate to better than 20%. For the lines of C in, N iv, and O v for which close coupling calculations have been carried out, the level populations should be accurate to about 20%. For the other ions the distorted wave calculations could have uncertainties as large as a factor of 2. Because we are primarily concerned with changes in relative abundances as a function of variations in other observational parameters, uncertainties in level populations as a function of electron density are most important. On the basis of comparisons of different atomic physics calculations for the same ion, we estimate this uncertainty to be about ± 0.2 dex.
Uncertainties in the atomic physics calculations appear to be the reason for the somewhat larger variations in the nitrogen abundances listed in Table 3 . Examination of Figure 1 shows that in every region in which there are observations of the N m A1750 line except for one, the data points for N iv and N v tend to be above the trend of the remaining data points by about a factor of 2. Since the atomic physics calculations for N iv and N v should be much less uncertain than the distorted wave calculations for N in, we suggest that the deviation of the N iv and N v data points from the others is due to an error of about a factor of 2 in the level populations for N m. If we minimize the scatter between the N iv and N v data points and the data points for C iv, O iv, and O v in all of the regions, then the scatter in the nitrogen abundances is reduced significantly. In addition, the value of the nitrogen abundance determined using the absolute calibration of Doschek et al. (1976) is then much closer to the accepted mean coronal nitrogen abundance. Examination of Table 3 shows No. 1, 1980 ABUNDANCES IN DIFFERENT SOLAR REGIONS 273 that this is the case for the two regions [prominence (+13") and prominence ( + 30")] for which there were no N in data. Thus the assumption of an error in the atomic physics calculations for one ion significantly reduces the scatter in the relative nitrogen abundance.
There are also uncertainties due to other assumptions made in the analysis. The two most important assumptions are that each line is formed over a limited temperature range and that each emission line is optically thin. Since the relative abundances determined in this work were obtained from lines formed at nearly the same temperature, the errors due to any large changes in the shape of the emission measure as a function of temperature should be minimal. The normalization of the G(T e ) function to take into account variations in the width of the function should further reduce any uncertainties.
Opacity represents a larger uncertainty, but one which can be quantified. All of the inter system lines have negligible opacity. The resonance lines, however, may have some opacity. Since all of the relative abundances are the result of adjusting the emission measures to match the determination based on the Si iv resonance lines, any opacity in the Si iv lines will introduce an error in the derived relative abundances. Examination of the emission line powers in Table 1 for the Si iv lines shows that for most positions the two resonance lines have a ratio slightly less than the optically thin limit of 2:1, suggesting that there is some opacity in the lines. This opacity should decrease with increasing height above the limb, resulting in a tendency for the abundances of nitrogen and oxygen relative to hydrogen in Table 3 to decrease with height in each region. This trend is present in most of the regions examined. In most cases, however, the abundance difference is less than 0.1 dex. Since the Si iv resonance lines have very nearly the optically thin ratio of 2:1 at the largest limb heights in each region, the uncertainty in the relative abundances due to opacity is probably ±0.1 dex or less.
Thus, where opacity problems are negligible, the major source of error is the uncertainty in the atomic physics calculations. When this uncertainty is combined with the other errors, except opacity, the estimated overall uncertainty is about a factor of 2. If allowance is made for the change in abundances due to opacity in the Si iv lines at positions close to the limb, the differences in the relative abundances within each region are within the overall uncertainty. Considering only the highest limb positions, where opacity is negligible, a comparison of the relative abundances in the different regions also shows that they are the same to within the estimated uncertainty.
A wide range of solar structures is represented by the data analyzed in this work. Examination of Table 2 shows that the range of electron densities covered is over an order of magnitude. The volume emission measures plotted in Figure 1 cover a range of over two orders of magnitude. The extent of nonthermal mass motion varies from almost none in the prominence at 30" up to 25-30 km s _1 in some of the other regions. In addition, the temperature dependence of the nonthermal mass motions varies from constant mass motion velocity as a function of temperature in the prominence to a steeply rising mass motion velocity as a function of temperature in most of the other regions. The various regions examined also represent a range of magnetic field geometries. Coronal holes have a generally open magnetic field geometry, while the other regions have closed magnetic field geometries of various kinds. Thus the result that the abundances do not change indicates that over a wide range of electron densities, emission measures, turbulent mass motions, and heights above the limb there are no mechanisms that significantly affect the abundances of carbon, nitrogen, and oxygen relative to silicon.
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